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AnsIKwACT

Tw. divertur (ountlgurallsns *or Lhe Cunpact
Reversced-Fleld Pilnch Reacltor (CkFFk) bpased .u
alvertling the @inarity (tcruidal) fleld have
been repoufted. A critical factor In evaluallng
the perfurmance ot bolh pulcldally symmolric and
bundie dlvertor .oufliguritions is the accurate
deteralnatlion of the dlvertor connectlun length
and Lhe @mohllurlhg uf maghetlc islande
Introduied by the divertours, the la“ter belng a
three~dimenslounal eftact. To thls wend the
pul-ldui-tleld, turvidal-tield, and dlvertour
Culle and Lhie plas@a Culrefils arfe simulated 1in
three dimenwlone fur lleld-line traclngs 16 buth
Uhe dlsetlur channe | and Lhe plasma-edyge
Feglunes., lhe Tesults ol this snalysis 1ndl.ate
8 Jledar preferefce for the pululdally symmecric
tululdal-1leld dlver.ur., Damign mudiflcatlons
Lty the llnlter-tased CKEPK deslygn that
A -MEuddle Llle Jivellol are presented.

I. INThuDUCTIuN

Mugnell dlverturs are on allernatlve o
Lhe puliped-llimiter l@puritly countrfoul scheme
luv.kesd by the (oumpact Reverwed-Fleld Frinch
Keartur (LkibPR) design. . ? Limiters have [he
well-ktowh uficertainties related Lo efuslun ang
the resultant plasma con'aminmilon. lmpurity-
Contrul experiments In tubamaks ' indlcate
Improved wnergy and particle cu 1nement for
plasmas upurated with a magnetlc divertur which
thermdally lusajates Lhe the plasma and luhiblte
the retern of particles tu the lasma Irum (he
neatlTallizer plate.

Magiet 1< dlverturs Lan be cilassifiad
Acrerding toy. &) the tield compuneat beling
fiulled, of b) the geumelry ot the tleld uull.
With rempe:t to the lalter, the Ileld null can
e lr.le Lhe plasma elther (umpletely or
jartially as in lhe symme’ ric or bundle
diverture, ruspectively, coneldered hereln.

*"Work Vplrlurﬂld under the ausplices of the
US Lepartment of Energy, Ottice ot  Fuslon
Encrgy

Generally, the minority fleid 1s Che
preferred compunent to null (i.e., the pcloldal
fielda for s tokamak and the torcidal field for
an RFF). Nulling th: minority field minimizes
the magnetic-fleld petiurbarion at che plasma
adgs, minimizing adverse afrects on the pressure
anc the particle or snergy conflnement times.$
Ths efficiency with which particles enter the
divertor 1s in reased by sinimizing "he majastic
aicror depr. at the dlvertor thruac, which also
ia accorplished by nulling the alnority flela.
Lastly, dlvertor-coil cufrents ecal~ lincariy
with the magn.tude ot the nulled fleld
component, the energy stored in, forces un, &nd
power consumed by the divertor colis «re all
sinimized by nulling the alnority fiald
component. Nuiling the toroldal field In an
RFP, huwever, does ralse concerns about the
atabtlity of an RFP plasma with a nun-monotonic
surfac. -averaged q( & I.r /B gR) protile,
reiatively large toroldal aps in the firsc
wall, and a general breaking of the preferred
teruldal symmetry.

A preliminary study® of the range o! the
divertor options determl 4 that two kinds of
dlvertors «rfe best sul..n to the RFP magnetic
geunstry. a touruidal-field, pululdally symmetric
di-ertur (5D) and & toroldsi-fleld, bundie
divertur (BU). The Ref. 6 study waer bassd on a
twu-dlmensional vacvum=-fleld mudel and couuld not
select a preferred appruach. The focus of the
present scudy ls & three-dimenslonal magnetics
analysls of the SD and BD designs euggested in
Ref. 6. The three-dimensional maynetics
pruvides a m@more accurate -alculaticn of the
divertor conrectlion length (i.e., the distance
along a field line batween divertor coullector
plates) as weli as & asasure of flux surface
integrity based on asgnetic-island widths
arising frum a periodic toruidal-field ripple
and the thickening of flux surfaces caused by
non-axisymmetric toroidaei-field rippiles.

The design philosophy and reactor
configuration are des~ribed in S8ec. Il.A., and
the model used for sisulating the plasma is
gliven in Hec. I11.8. The results b1 4
three-dimensional wmagnetics simulations for the
reference design without divertors, with BDs,



and vith SDs are presented 1in Sec. IIL. In
addition, design parameters are given for the
preferred divertcr design: the toroldal-ficld,
poloidally symmetric divertor. Secrion 1V.
sunmarizes the critical elements of the SD
design.

II. MODEL

A. Design Constraints

The limicer-based CRFPR design to which
divertors will be added is ctaken from Ref. I,
amplified 1in Ref. 7, and summsrized 1n Table I.
The Ref. 7 design 1r based on an additional
0.i0-m-thickness added to the bianket
(&b = 0.775), although the Ref. 1 design 1is
recained for this divertor study 1n anricipatiocn
of improved blanket performance (i.e., lov heat
losds, no limiter, easea tritium breeding) for
the divertor cas2. A minimum shileld thicknass
of 0O.l-m is required becwveen the plasma ind the
divertor colls, and an X, = §.04-a-thick
scrapacff layer is positioned batween the
separatrix and rirst wali. The current density
in the divertor colls is constrained to be below
50 MA/@ 2, following the MARS choke coil deilin.a
Four SDs or eight BDs were deemed necessary® ro
malntain the heat flux to the plasaa-chamber and
the divertor-channel walls below 6 Mw/m<.
Outboard maiotenance of either divertor 1imposas
an additional <constraint on both divertor size
and poloidal field coll (PFC) and TFC iocartion.

TABLE 1 .
KEY CRFPR DESIGN PARAMETERS!
Parampeter Value
Fusioa power, Pp(M; 2732
Thermal power, Poy(MW) 3365
Net electric power, PE(HHu) 1600
Neutron wall loading, I (Md/m?) 19.5
Reversal surface radius, r, 0,64
Piasma mainor radius, r_(m) 0.71
First-wall radius, r,(E) 0.75
Plavaa major radius, ry(m) 3.80
Blanket/ahield thickness, &db(m) 0.675
Number of TFCas, N 26
Toroidal field, B _(r ):T) 0.403
Pulotdal field , Bg(B (1) 5.18
Toroidal plasma curreht, 1_,(MA) 18.«

Pinch paramater, G = Bg(r /(B,) 1.55
Reversal parameter, f = Bo('p)’(nc? =0.12

Foloidal bdeta, ee 0,23
Plasma transport powar, Prp(MW) 571.8
Ploema dansity, n(102%a3) 6.5%
Plassa temperature, T(neV) 0.
Confinemant time, t,,(s) 0.59
Edce sarfety facror, q = !rprElT| 0.015
<OF {(mllls/kWeh) 46.2

B. Plassa Simulation

The first sctage of the divertor design
procceds on the basis of & tus-dimensional
layout. The separatrix 1s located by fiald-line
tracings thar acre confined to the aquatorial

plane and sample a region near the plasma
surface. At this stage of analysis, only the
divertor coils and the TFC set are si1mulated
with the otherwise three-dimensional vacuum-
magnecics code, TORSIDO.? The co1l lacatlions,
currents, and current densities are xey design
variables. Colls are¢ pcaitivned to minimize and
symnetrize the field ripple produced by the
diverctor; the coll currents were adjusted to
locate the separatrix at the plasma surface
(Table 1); and the coll current densirlies are
determined by requiring no field 1line ¢to
intersect the colils.

B.l. MHD Model. Determination  of the
diverter connection length and fiux-surface
integrity (i.e., magnetic 18lands ana filux-
surface broadening) can be accom.lished only
with a three-dimensional wmodel that simulateé
both the PFCs and the plasma 1n adaition to the
TFC and the divertor coil curreats. The plasma
simulation 1s based on a one-dimensional MHD
model of RFP aagnetic fieid ana current density
profiles,! whicn eclves the fclioving set of
glmultaneous equatlons:

-
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. L%7l.. (3)

where u, = an(10)~7 h'm. The _pressure profile
is descrived by p(r) = J;(Zar;r 7. where
O= B-(ru)!(no) is the pinch par.meter. The
normalization  of the pressure proitle 1s
adjusted 1iteralively In order to outaln a
specific pololdal beta, fg = Zuc(p)fBé(rpj. In
Ref. I, u(r) = 1 for 0 < r « T, and then ramps
linearly to zero for T, €T €T {(1.e., "he
Modiflied Bessel-function Modei). Tnis break
point, Tr,, 18 determined experimentally !V to be
at rp, = 0.807r for 6=155 ana causes
discontinuties in the radial derivatives of the
current dersity and magnetic field profiles.
These discontinuities can result 1n large errors
for a numerical integretion or spline of the
profilaes. This problea 1s circumvented 1n the
prusent calculations by wusing the foliowing
contiuuous function for the , profiile. . {r) = 1
for 0 <« ¢ [, and then decays Lo zelv acurdlhg
to the firsct quarter period of a cosina function
for r, ¢r < r_. The break point for this .
profiYn is dgtcrnxned by equatlng areas under
the two . proflies and cccurs st rcy = U.73r,.
The wmagnetic fleld profiles calculatea from the
one-dimens1onal MHD model are shown 1in Fig. I,
which also compares the procedure used 1n
Ref. 10.

B.2. Magnatics. The plasma-current-density
and magnetic-field profiles obtalned trem
Eqe. (1)=-(3) are used by the cthree-dimensional
magnetizs modal. The pololidal tield 1ls
siaulaired by a current-carrying hoop condu- LOr
positioned in the equatorial pLan. at
R = 3.806 m. The 6-mm displacement outwa. 1rom



the plasma center line corresponds to Che
Shafranov shift ae applied to aan RFP!L.  1The
toroldal current in the hoop 1is taken to be
18. MA for r > rp and varies as follows
for r <r_:
P r
1ir) = c72f f'¥0ce e car- , («)

Q

where JHHD(T) is described by a cubic spl.ne fit
to the zzroldnl current-density profile. 1lhe
toroidal field from the plasma 1s takern to be
zero for r >r_, and for r <r_ is determined

from P P
_ B (r) _
Bo(r) - BOVAL(I')"I - ;—om_'l.b——-J > \SJ
) o ‘fp/
where BYAY(r) 1s the toroidal vacuum field and

D fu the torocidal-field profile previously
c:aculnted. The effects of toroidal ripplae on
JHHD(r) and BMMD(r) ;g Eqs. (4} and (5) are
lfhullted by scaling the minor radius according
to the fluctuations observed 1n two-dimensional
{ield-line ctracings at cthe revecsal surface
minor radius, r_. These plasma poloida. and
toroidali fields are added to the vacuua fielas
calculaced by TORSIDO to coaplete the combined
slmulation of plasma and colis.
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Fia. l. Magnetic-field prufiles from cthe ™HD
z-1el usling the cosine . profiie (solld lines)
and the ilnear u profile (dotted lines;.
Profiiles for & vertical cut at R = 3,6 n
(dashed llnes) and for a horirontal <cut at
t = 0 a (dashed-dottad lines) are aiso shown.

I'Il. RESULTS
A. Magretics of Basic Cenfiguration

The three-dimensivonal simulation of the
plasma, the PFCs, and the [FC3 of the basic
configuration 1s showvn 1n Fig. 2. Magnatic
islande arising from the toroldal-fleld ripple
with ~ 0.16-m widths ware expected based on an
infinite-cylinder modell< using the toroidal-

field ripple on the outboard side in che
equatorial plane.! The field-line tracings
revealed, instead, ¢lux "surfaces” with radial
widche or volumes. The asymmetry in the
toroidal-field ripple, as depicted schematicly
in  Pig. 3, causes this oasywaerry. The
toroidally eymmeatric poloidal flux surfaces
connect a set of inboard toroidal-fii:ld lines to
a set of outboard toroidal-field iLires at sone
toroidal engle, wiich is taken as 2 coll plane
in Fig. 3. Yhen field lines progress
toroidally to a midplane, tne pololaal flux
surfaces map the set of inboari field lines into
a different se: of outboard field lines and vice
versa. This rtresults in a blurred field-line
tracing ot the magnetic iJurface, giving the
surfaces in Fig. 2 radial widths of 2-3 aom.
Thie dimension 1s comparable to the 8-mm
difference in the amplituda of the ripple Irom
inboard to outboard locarions ir the equatorial
plane.
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Fig. 2. Tne puncture plots (the intersacclon of
8 field line vwith che equatortal plane) for
starting alnor radil of 0.63, 0.67, 0.71, and
.75 m and toralda) angla of w«B displayed 1n
one¢ fileld period. The -evarsal surface occurs
&t r, ~ 0.64 m.

The rad.al width of the rlux surfaces 1s
not a concern for an RFP unless this wviden
becvaas larger than tha distance § = r -1,
As  co-finemeant 1s thought to occur prlm‘gxly Xn
cthis reglon, field lines which <connect the
central plasma directly to the plasma surface
would short circuit the confinemenc procase.
The basic contiguration is ac:-eptable with
respect to this constraint, eince the wsurface
widtl. of 2-8 m& is much smaller than 4° = 70 mm.

B. Three-Dimensional Divertor D'!llﬂl

B.l. Bundle Divertor (BD). The BD oftars
strong malntenance advantagew assoclated with a
plug-11 capabllity.® The physicsl layout and
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Fig. 3. Asymmerric toroidal-field ripple shown
in the equatorial plane. Toroidally symmetric,
nsstec-poloidal-flux surfaces connect 1inboard
toruidal-field l1ines to outboard field lines.

parasetars for the bseic configuration with 2«
BDs is shown in Fig. 4 and Table T1. The edge
plasaa calculations reported in Ref. 6 indicated
a BD connection langth of ~ 35 m 1s aneeded,
above which appreciable cross-field diffuslon o
the first-vall 1s expacted to occur. A fileld
line s traced for wmore than 300 m (> once
around the torus) without entering any cf ~he 24
divertor channels. The puncture plots
assoclated vith the field line tracing for the
24 BDa ate also gshown 4n Fig. 4. As a result of
thete 1inordinanctly long connection lengths
(>1 km), wmost particle and associated energy
loss would ba transhorted to the first wall,
Consequently, the toroidal-field bundle diverror
is not considered feasible for the low-q RFP
configuracion,
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©14. «. The two-dimensionsi fi1eld-line cracings
(30l1d linaes) for 2& BDs for r = 0.69, 0.705,
0.71%, 0.73, and U.7) m aon the outboard side
and 0.7] and 0.75 @ on the intoard elide. Also
showvn 1s the puncture plot for the three-
dimensional simulaticn of plasas and coils for
r =07} @

B.2. Symmetric Divertor (SD). Interest in
the SD principally reste with an inherently
shorter connection length compared to the BD.
The physical layout of a field period of cthe
basic configuration with & SDs 18 snocwn in F13.
5; desiga parameters are given in Table Il. The
TFCs have been thickened radially 1inward by
0.05 m, corresponding to tre thickness 2f che
defunct vacuum plenum needed for the limiter-
based CRFPR design, 1in order toc permit the
unobarructed aextraction of rhe divertor colls.
The TFC croes-sectional area 1is preserved,
however. The separatrix surface was symmecTizea
as best as possible to minimize che broadening
of flux surfaces Jn the plasma at che expense of
the symmetry of the divertor channel. Each
divertor coil lies on a ray emanating from the
major axis in order te symmetrize coll effects
in torcidal angle. Tne centers of the diverctor
coils are shifted radially outward from the
plasma center line 1in order to equalize the
magnitude of the {ield perturbations produced by
the divertor coil:. about the plasma as required
by the 1/t depeudence of the totroidal fiela.
The field-line tracings for the tvo-dimensicnal
sinulation are also shown in Fig, 5, which also
shows a puncture plot for a fiald line tracing
started at r = 0.68 o and at & torcidal angle
corresponding to hnhalf way between divercors.
This puncture plot demonstrates good flux
eurfaces with radial widch < iU mm in the 7U-mm-
thick confinement region.

TABLE I1
CRFPR DIVERTOR COIL DESIGN PARAMETERS

Toroidal-Field Bundle Divertor (BD)

Parameter(forward/middla/rear coil)Value

0.13:0.2570.<5
«.767°5.05:5.u5

Current (MA)
Major radius (m)
Height (m) 1.Gif.0:1.0
Width (m?i 0.125.0,12570.15
Current density (MA/m?) 20, «0. 30

Angle (radians) 0.95:1.10/1.39

Toroldal-Field Tulw=ldally Symmetric Livertor (50)

Parameter(nulling/fianking cotl) Value

Current (MA) -0.8/0-4
Major radlus (m) 3.897:3.%7y
Minor radius (@) 1.088:0.97y
Current deneity (MA@ 2) 50. i

The axistaeance of a pa-ticle path inta the
divertaor {s also of Interegt. Shown tn Fig. 5.
18 g coabination of puncture plots for aighty
f! 1d lines srarted at & toroldal location haif
wvay becvean 3Ds, each being equally spaced on a
poloidal flux surface that passes thrcugh Lhe
point R = 3.97 m and ternminated in the divertor
cuil plane. Such a calculation avolds the
procass vhareby the asymaetry of che rudlal
extent of the divertor channel in the divertor



ccil plane takes a surface of small radial widch
upon entrv into the divertor channel and greatly
broadens the radial widch of the asurface upon
exiting the divertor. This procedure
nevertheless Jemonstrates that a path within the
scrapeoff layer outeide of the separatrix exists
for particles tc enter the divertor without
firsc {intersecting the firet wvall or reencering
the plasma. The puncture. are uniformly
disctributed poloidally for the first 0.2 m into
the blarket, and are thereafter, distributed
unlformly on the 1inboard side only. Future
effortes wiil complete the SD symmetrization.
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55i11d lines) for 4 SDs for r = (.69, 0.705,
0.715, 0.73, and U.75 m. Also shown are the
ufictufe piots for the three-dimensiocnal
itn.lation of plasma and colle r = (.68 and
.73 m.

Fig. 5. The two-dimensional tield-lines tracings
(
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The results of this calculation indicate a
divertor connection langth of 73.3 m and a
connection length between divertor channel
spenings  of 67.5 = The two-dimensional
calculations indicated the latter connection
length to be 7Z.6 m for & SUs. The snorter
connection leugth pred cted vy the full
Simulation results from the i-r dependency of
the toroldal field, the larger toroldal field on
the inboard eide wmore heavily welghts the
smhalier majcr radius ar that £s15t. " he rusulues
of the three-dimensional simulationse of the SD
indicate a small i1mpact on the plasma and a
reascnable connectlion lengrh between divertor
plates.

C. Design Parameters

An analytic scrapeoff model!? has been
applied to the SD. Table I.I summarizes results
for s particle diffusivity D = i mZ/s, a thermal
diffusivicy x = 3D, a radiation fraction,
feap = 0.5, A& recycle coefficient, Ry, = 0.98,
an a scrapeoft thickness, Xy = O.&z @a. The

estimace of the incremental cost assoclated with
divertors assumes that the cost of electricity
(COE) scales inversely with net electric power.
The blanket loss of 10.4X assumes no breeding
betwveen the outermost divertor colls,
inclusively, and requires a ctritium breeding
ratio greater than l.l2.
TABLE II1I
DIVERTGCR IMPACT ON CRFPR FUSION POWER CORE

Paraaeter Value
2-D 3-D

Nuamber of divertors 4
Blanket loss (2) i0.6
Ohmic power (MW) 7.7
COE increase (2) 5.0
First-vall ares decresse .I) 5.36
Divertor/first-vall area 0.65
Divertor efficiency .93 0.9
Power to first wall(MW) 305.7 304.3
Power to divertor(MW) 266.1 267.5
First vall heac flux (MW/m?) 2.87  2.86
Divertor heat flux (MW/m<) 3.82 3.8

Typical edge plasma conditions
e Edge-plasma temperature (eV) lald.e 47,7
® Wall-plasma temperature (eV) 50.
e Edge-plasma density (162%md) 1.46 1.38
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Fig. 6. The top half of the PFC aet for the
basic configurat on and the bottom half of the
PFC sat for the easier divertor wmaintanance
scneme. Also ehown 1s the puncture plot (the
fleld iine intersections with the equat rial
plane) for the three-dimensional eimulation of
plasma and colils.

The divertor maintenance can be
accomplished 1n one of two ways. The outboard
qaudrants of tne PFC set can be eimultaneously
ralsed and lovered to permit horizontal
extraction. An ~ 0.7-m vertical 1ife 1s
requirad for the PFC set, as shown in the upper
half cof Fig. 6. A vsecond, less-complicated



1.

maintenance acheme allows a PFC clearance that
is sufficient tv permit horizontal extraction.
This lacter design is shown in the lower helf of
Fig. 6, and would dissipate an additional 19.1
MW of Ohmic power 1in the PFC set. Both PFC
designs provide access to the high performance

colis and divertor channel surfaces, where
frequent maintenance is expected.
IV. CONCLUSIONS

The threc-dimensional simulation of both

plasma and coils indicates that the broudening

of flux surfaces because of toroidal-field
ripple asymmetries is more important than the
magnetic islande expected from the

toroidal-field ripple. Flux surface broadening
should be preaent in any toroidal device with
TFCe and another toroidally symmetric field coil
set ( e, g., tokamaks).

The SD is clearly preferable to the BD on
the basis of reduced connection length. The
presence of an SD does not significantly perturt
the flux surfaces in the outer region of the RFP
plasma and, therefure, should not significantly

affect confinement. The SD preserves the
compactness cf the fusion power cora in a
maintainable geometry. Preliminary analysis

inidicate managable heat fluxes (~ 3 MW/m2) on
all seurfaces for a modest coet penalty, ~ 5Z%.
The results of this study indicate a more
detailed design is warrranted.
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